Alloyed transition metal dichalcogenides provide a unique opportunity for coupling band engineering and valleytronic phenomena in an atomically-thin platform. However, valley properties in alloys remain largely unexplored. We investigate the valley degree of freedom in monolayer alloys of the phase change candidate material WSe2(1-x)Te2x. Low temperature Raman measurements track the alloy-induced transition from the semiconducting 1H phase of WSe2 to the semimetallic 1Td phase of WTe2. We correlate these observations with density functional theory calculations and identify new Raman modes from 1H-WTe2. Photoluminescence measurements show ultra-low energy emission features that highlight the presence of significant alloy disorder arising from the large W-Te bond lengths. Interestingly, valley polarization and coherence in alloys survive at high Te compositions and are more robust against temperature than in WSe2. These findings illustrate the persistence of valley properties in alloys with highly dissimilar parent compounds and suggest band engineering can be utilized for valleytronic devices.
Introduction
The valley contrasting properties of monolayer semiconducting transition metal dichalcogenides (TMDs) provide the possibility of manipulating information using the valley pseudospin [1] [2] [3] [4] in direct analogy to spintronics. 5 Devices that employ this schema for computation, commonly referred to as valleytronics, benefit from optical or electrical manipulation of the valley index, spin-valley locking, low power consumption, and the absence of Joule heating. 1, 3 These advantages have stimulated vigorous investigations into the properties of two-dimensional (2D)
semiconducting TMDs with an emphasis on exploring the optical interband selection rules that connect photon polarization to valley index. [1] [2] [3] [4] The first studies of monolayer TMDs focused solely on the photoluminescence (PL) from molybdenum disulfide (MoS2), 6, 7 however attention shifted to valley-dependent studies. 8, 9 Soon after, monolayer tungsten diselenide (WSe2) was found to be a superior TMD for valleytronics, exhibiting both exciton valley polarization and valley coherence. [10] [11] [12] [13] [14] [15] [16] [17] Valley polarization describes the probability of an exciton created in a valley to remain there until recombination, while valley coherence quantifies the probability of an exciton to remain in a superposition state of K and K valleys before recombining. At low temperature, the neutral exciton (X 0 ) in bare WSe2 monolayers exhibits a valley polarization ranging from 40 -70 % depending on the laser energy. 10, 12, 18 The depolarization of valley excitons is believed to be governed by a combination of intervalley electron-hole exchange interactions, 9, 19 phonon-assisted intervalley scattering, 8, 20 and Coulomb screening of the exchange interaction. 21, 22 Additionally, WSe2 holds the record for the largest degree of X 0 valley coherence in bare monolayers (≈40 % at cryogenic temperatures). 10 Alloying can increase the technological potential of valleytronic TMDs by combining valley contrasting properties with band engineering. 23 Furthermore, alloys of structurally distinct TMDs may also enable phase change memory technologies [24] [25] [26] by reducing the energy barrier between semiconducting and semimetallic states. 27 Few studies, however, have explored valley phenomena in alloys despite the heavy interest in this field. The first exploration of valley properties in alloys focused on Mo1-xWxSe2 at 5 K and found that there was a transition from the intrinsic valley polarization of MoSe2 to WSe2 as the transition metal content was varied. 28 Experiments on a WS0.6Se1.4 alloy demonstrated a valley polarization of ≈31 % at 14 K, which was much lower than that of both WS2 and WSe2. 29 A recent study of WSxTe2-x found that the room temperature valley polarization increased from 3 % in WS2 to 37 % in an unspecified alloy composition. 30 The limited information regarding valley polarization in alloyed TMDs is a serious oversight as future valleytronics technologies will likely rely heavily on band engineering.
In this study, we examine the low-temperature optical properties of monolayer WSe2(1-x)Te2x, where the endpoints are the valleytronic semiconductor 1H-WSe2 and the topological semimetal 1Td-WTe2 shown in Figs. 1a and 1b. Prior studies of this alloy system were performed at 300 K and focused on unpolarized optical measurements 31 as well as electronic transport characterization. 32 Our study is unique in that it focuses on the impact of alloying on the valley excitons of WSe2(1-x)Te2x monolayers encapsulated in hexagonal boron nitride (hBN) as shown in as well as the appearance of new modes unique to alloys. Polarization-resolved Raman measurements coupled with density functional theory (DFT) calculations allow us to assign these alloy-only features as 1H-WTe2 vibrational modes. Temperature-dependent, polarization-resolved PL measurements of the 1H-phase alloys demonstrate band gap tunability alongside the presence of new ultra-low energy emission features. We suggest these features are from deep mid-gap states that originate from the large difference in the W-Se and W-Te bond lengths. Despite the presence of structural disorder in the lattice, valley polarization is found to survive the alloying process for x ≤ 0.14 while valley coherence is present for alloys x ≤ 0.37, and interestingly we demonstrate that alloys have the ability to sustain these valley properties at higher temperatures than pure WSe2.
These findings illustrate the persistence of valley phenomena in significantly disordered alloys and point the way towards optimization of TMDs for novel phase change memories that naturally integrate with valleytronic devices.
Results

Stability and Vibrational Modes
Interpretation of our experimental data is guided by DFT modeling of the WSe2(1-x)Te2x phase diagram. Regarding crystal structure notation, we refer to Td monolayers as being in the 1Td phase.
Previously, Td and 1T' notations have been used interchangeably for Td monolayers since the only difference between these structures in the bulk was believed to be a slight shift of layers relative to one another. Since the Td structure contains three layers in its unit cell while the 1T' structure contains one layer, it was assumed that monolayers isolated from a bulk Td crystal were in the 1T' phase. We make the 1Td notation distinction in light of a recent report that has indicated, unlike the 1T' phase, inversion symmetry is broken in the monolayer Td lattice. 34 We find from our DFT calculations, in agreement with previous studies, 31, 32 that the 1H phase is stable with a Te concentration of x ≤ 0.4, which we illustrate in Fig. 1d . For x ≥ 0.5, 1Td becomes the lowest energy phase. As a result, we expect valleytronic optical properties for the 1H alloys corresponding to x ≤ 0.4 and semimetallic behaviors for the 1Td alloys x ≥ 0.5. These predictions are consistent with our Raman and PL measurements described in detail below.
We first explore the effects of alloying on crystal structure through low-temperature Raman spectroscopy of hBN-encapsulated monolayer WSe2(1-x)Te2x shown in Fig. 2a . We fit this Raman data with multiple Lorentzian peaks to extract mode frequencies, which are plotted in Fig. 2b with alloy composition x. It is instructive to examine the properties of the endpoints WSe2 (x = 0) and (Fig. 2c) . Additional monolayer WSe2 modes are enhanced at 5 K, which are usually assigned as disorder-activated finite momentum phonons, combination modes, or difference modes. 35, 36, 39 We find that previous assignments of these features to Raman difference modes conflict with our low-temperature data. Difference modes originate from a two-phonon process where one phonon is absorbed (anti-Stokes process) and another is created (Stokes process). Since this requires the presence of a phonon before photoexcitation, its occurrence is expected to follow a Boltzmann-like temperature dependence that disappears at cryogenic temperatures. 40 The presence of these so-called difference modes in our measurements at 5 K calls this assignment into question. Thus, it is more likely that these features are combination modes for which there are many possible assignments ( Table 1) , however there is presently no explanation for the mode at 132 cm -1 .
We present Raman data for bilayer WTe2 to illustrate the stark differences between the 1Td and 1H phases. The use of a bilayer flake does not adversely impact comparison to monolayer alloys since the Raman modes of greatest intensity are essentially identical in bilayer and monolayer
WTe2
. 41 This choice is further necessitated by the rapid oxidation of tellurium-based TMDs. 42 Bilayer WTe2 (Td phase) belongs to the C2v point group, and so only 1 and 2 symmetry modes can be observed. 43 41, 44 and are included in Table 1 . The feature at 327 cm -1 , labeled peak e, has not been previously observed, and we assign it as either a second-order overtone of the 166 cm where this primary out-of-plane WSe2 feature exhibited one-mode behavior with alloying. 45, 46 However, the splitting of out-of-plane vibrational modes with alloying has been seen in MoSxSe2-x monolayers 47, 48 and has been carefully documented in few-layer MoSxSe2-x. 49 Jadczak et al.
attributed the splitting of this feature in alloys to the polarization of the alloy unit cell due to the substitution of heavier chalcogens that introduce different force constants in the lattice. 49 Thus, A particularly interesting alloy-induced feature resolved in 1H samples is the Raman peak labeled D1 at 191 cm -1 in x = 0.04 (red points in Fig. 2b ). This feature splits into the two peaks labeled D2
and D3 at 190 cm -1 and 200 cm -1 , respectively, as x is increased. Polarization-resolved Raman measurements ( Supplementary Fig. S2 ) indicate that these features have 1 ′ symmetry and DFT calculations of the 1H-WSe2 phonon band structure (Fig. 2c) show no 1 ′ phonon modes present in this range. We therefore calculate the phonon band structure of 1H-WTe2 in Fig. 2d , which predicts an 1 ′ Γ-point mode at 172 cm -1 . This mode is the closest to the observed results and so we tentatively assign the D1 peak to the 1H-WTe2 1 ′ mode and attribute its splitting to increasing force constant variations introduced into the lattice with high Te doping as discussed previously for the primary 1 ′ mode of WSe2. 49 Raman measurements reveal several other new peaks in the 1H alloys, which we label D4, D5, D6, and D7 in Fig. 2b . These polarization-independent features (see Supplementary Fig. S2 ) most likely arise from either finite momentum WSe2-like phonons or WSe2 combination modes. We exclude difference modes based on the use of low-temperature spectroscopy as discussed previously. Possible assignments are ′( ) for D6 and ′ + ′( ) for D7, while D4 and D5 remain unassigned but may originate from combinations of 1H-WSe2 and 1H-WTe2 modes. As WSe2(1-x)Te2x transitions to the 1Td phase with alloying, the Raman spectra for x ≥ 0.79 show the two primary 1 vibrational modes of pure WTe2, labeled peaks c and d in Figs. 2a and 2b. These features are shifted and broadened due to alloy disorder in agreement with other WTe2 alloys. 50 
Excitonic Properties
In Fig. 3 , we present temperature-dependent PL spectra for representative 1H-phase alloys. Each spectrum has been normalized by the maximum intensity and was excited with right circularly polarized light (σ+) at 1.96 eV. The collected PL is passed through a waveplate/analyzer combination to select σ+ emission. At 300 K, the PL spectra show contributions from both the neutral exciton (X 0 ) and the trion (X T ). 13 Increasing the Te concentration causes both features to redshift due to the lower band gap of 1H-WTe2. 51 As temperature decreases from 300 K to 5 K, X 0 and X T sharpen, blueshift, and weaken in intensity. The latter behavior is due to the sign of the conduction band spin-orbit coupling, which makes the lowest exciton state dark (see the band schematic of WSe2 in Fig. 5a ). 52 The sign of the spin-orbit coupling is the same for all W-based TMDs 52 and so we expect no change in the optical activity of the lowest exciton state with Te substitution. The presence of broad features at lower energies compared to X 0 and X T originate from a combination of higher-order excitonic complexes 53 and localized exciton states from lattice defects, strain, and residual impurities introduced during fabrication. 10, 13, 54 We explore band gap tunability of 1H-WSe2(1-x)Te2x by extracting X 0 energy as a function of temperature, which is plotted in Fig. 4a . This data is fit with a semi-empirical formula for temperature-dependent optical band gaps given by
where 0 is the gap at absolute zero, S is a dimensionless electron-phonon coupling parameter, 〈ℏ 〉 is an average phonon energy, and k is the Boltzmann constant. This formula models the reduction in band gap with increasing temperature due to a combination of increasing lattice constants and exciton-phonon coupling. 55 Fits of our data to equation (1) Fig. S3 ) which is a semimetal. For a comparison of DFT results for the Elaborating on the 5 K PL spectra of Fig. 3 , we find that X T appears ≈30 meV below X 0 in our data and shifts in lockstep with the neutral exciton so that there is only weak dependence of the X 0 -X T binding energy on x (Supplementary Fig. S4 ). Spatial PL mapping of an x = 0.33 alloy These maps are discussed in detail in Supplementary Note 1 and Supplementary Fig. S5 .
Additionally, we find evidence for excitonic transitions and exciton-phonon complexes at energies above X 0 known to originate from coupling between hBN and WSe2 in van der Waals heterostructures. 58, 59 A detailed discussion of these features is presented in Supplementary Note 2 and Supplementary Fig. S6 . In 5 K and 300 K reflectance measurements presented in Supplementary Fig. S7 , both the A and B excitons are clearly visible and the valence band spinorbit coupling is found to increase with Te incorporation.
Localized excitons are common in W-based TMDs owing to the long lifetime of the dark exciton ground states. We identify such features in all alloys and the parent compound WSe2, beginning with an emission band ≈100 meV below X 0 hereafter referred to as L1. For all x > 0.04 , L1 is accompanied by a second localized emission feature (L2) approximately ≈300 meV below X 0 (Figs. 3c-e) . This feature has never been observed in TMDs, alloyed or otherwise. L1 and L2 maintain a similar energy separation with respect to X 0 at all nonzero x but do exhibit variations in their temperature dependent behaviors.
The new defect band L2 must originate from a disorder unique to Te-rich alloys and may be connected to the preference of WTe2 to crystallize in a 1Td structure. Scanning tunneling electron microscopy measurements and molecular dynamics (MD) simulations of a similar alloy system, WS2-xTex, 60 indicate that Te-substitution at levels approaching 15 % can substantially modify the structure of a 1H-phase alloy. The bond lengths and lattice constants of 1H-WSe2 with 1H-WTe2 are predicted to differ by ≈7 -8 %, 60 which also leads to a mismatch between the metal-chalcogen which we observe the presence of the L2 feature (Fig. 3) . The presence of such substantial atomic displacements and internal strains seems to be unique to TMD alloys that are mixtures between different structural phases. We therefore suggest that the internal strains driven by Te incorporation in 1H-phase alloys create a new band of defect states (i.e. the L2 feature) lower than those typically expected from chalcogen or transition metal vacancies (i.e. the L1 feature). 54 
Valley Phenomena
Next, we explore valley contrasting in 1H-WSe2(1-x)Te2x alloys at 5 K using 1.96 eV excitation with σ+ polarization. The schematic band structure in Fig. 5a illustrates the spin-valley polarized selection rules in WSe2, where transitions between the valence band and the second highest Alloy-dependent values of for X 0 (black squares) and X T (red circles) at 5 K are plotted in Fig. 5d . We find that ≈ 49 % for X 0 in WSe2, which agrees with previously reported values. 10 Achieving this value required cleaning our heterostructures post-assembly using the nanosqueegeeing technique. 33 This process improved the WSe2 of X 0 by a factor of ≈1.7, thus increasing the signal from 29 % to 49 %, whereas it appeared to have very little effect on . This result illustrates the impact of contaminants on valley properties and a comparison of squeegeed and non-squeegeed alloys can be found in Supplementary Fig. S8 .
As Te is substituted into the lattice, first remains unchanged at x = 0.04 and then decreases to 32 % at x = 0.14 ( Fig. 5d) . For x > 0.14, no valley polarization is observed. The trion exhibits a similar trend with x; ≈ 67 % for X T in WSe2 and is zero for x > 0.14. To the best of our knowledge, there is no systematic theory for understanding valley depolarization from alloy disorder. However, we do observe an interesting correlation between and the intensity ratio of X T / X 0 , which decreases from ≈3 to ≈0.25 with Te incorporation (Supplementary Fig. S9 ). This suggests a connection between and an apparent reduction in doping with increasing Te substitution. Valley coherence is only present for neutral excitons 10 and we plot versus x at 5 K in Fig. 5e . ≈ 20 % in WSe2, which is slightly lower than the literature value, 10 and decreases to ≈13 % when x = 0.04 after which point it remains essentially constant until the 1H-1Td phase transition. We note that valley coherence remains finite even when valley polarization goes to zero at large x. and are found to monotonically decrease with temperature ( Fig. 6 and Supplementary   Fig. S10 , respectively) for all alloy compositions, but at different rates in each case. In WSe2, our results for ( ) are consistent with other studies of monolayer WSe2. 13, 61 The origin of valley depolarization in TMDs remains a hotly debated topic. The prevailing theories regarding valley dynamics indicate that electron-hole exchange, 9, 19 intervalley phonon scattering, 8, 20 and Coulomb screening 62 of the exchange interaction all substantially impact the valley lifetime. In the recent work of Ref. 21 , the authors present experimental evidence for a mechanism where momentumdependent electron-hole exchange interactions drive valley depolarization and can be screened by the 'intrinsic' doping commonly occurring in TMDs. 21 The importance of carrier doping is highlighted by a later study where doping was used to engineer valley polarization over a wide range of temperatures. 22 The presence of defects in our 1H-phase alloys complicates this picture as they effectively shorten the X 0 lifetime, which can in turn enhance valley polarization by accelerating recombination. 63 However, the versatility of the formalism in Ref. 21 makes it potentially useful for modeling our data even though our alloys are far from the ideal case. The temperature dependence of the valley polarization can be expressed as
where k is the Boltzmann constant, All parameters in equation (2) are allowed to vary during the fit and the resulting values of EF are inset in Fig. 6 . The slight decrease in EF with x suggests that alloying generates a higher carrier density and could be responsible for the larger temperature plateau in Fig. 6 . However, this is somewhat at odds with our observation of the X T / X 0 intensity ratio where large x samples have a smaller X T component (Supplementary Fig. S9 ). It may be the case that Te doping does introduce new carriers into the system for screening, but also dopes the material in an unexpected way. While the fit of equation (2) is compelling, we caution in extracting too much physical meaning from it.
The formalism is designed to be versatile and applied to atomically flat monolayer TMDs.
However, recent DFT and scanning transmission electron microscopy evidence 60 suggests that suitably high Te doping leads to out-of-plane structural distortions of TMDs. This new kind of defect likely affects valley polarization, but the exact mechanism is currently unknown.
Discussion
We have used low-temperature Raman and temperature-dependent, polarization-resolved PL spectroscopy to characterize different crystal phases spanned by monolayer WSe2(1-x)Te2x alloys and explore how incorporation of Te into the lattice affects valleytronic and semiconducting
properties. DFT calculations of the phonon dispersion curves for 1H-WSe2 and 1Td-WTe2 alongside low-temperature Raman measurements allowed us to assign the vibrational modes of the WSe2 and WTe2 endpoint compounds. The shifting and splitting of these vibrational modes were tracked with alloy composition x, and we found the activation of alloy-only features that we assigned to 1H-WTe2 vibrational modes using DFT calculations of the 1H-WTe2 phonon dispersion curves and polarization-resolved Raman measurements. Temperature-dependent PL measurements were used to identify excitonic transitions, exciton-phonon coupling features, and new defect-related emission, as well as demonstrate band gap tunability. DFT calculations of the optical band gap in the alloys agreed very well with experiment when using the HSE06 functional.
Polarization-resolved PL measurements showed that not only does the valley polarization of X 0 and X T and the valley coherence of X 0 survive the alloying process, but valley coherence is present for higher alloy concentrations than . Additionally, we found that the valley polarization of X 0 is sustained at higher temperatures than pure WSe2. Reflectance measurements were also used to measure the A and B excitons in select alloys, indicating that the spin-orbit splitting of the valence band can be tuned with alloying. This study illustrates the resilience of valley phenomena in alloys and demonstrates the potential for optimizing the semiconducting and valley properties of 2D
TMDs for phase change memory and valleytronic applications.
Methods
WSe2 ( For optical studies, WSe2(1-x)Te2x bulk crystals were mechanically exfoliated and monolayers were identified by optical contrast. Monolayers were then fully encapsulated in an hBN heterostructure (top and bottom layer) using the viscoelastic dry-stamping method on a SiO2/Si substrate (90 nm oxide thickness) to protect them from the degradative effects due to exposure to the atmosphere and to provide a uniform dielectric environment. 64 We note that before encapsulation, monolayers were exposed to the atmosphere for less than one hour. To guarantee clean hBN/TMD contact, the nano-squeegee method was used with a scan line density of ≥ 10 nm/line and a scan speed of ≤ 30 µm/s as suggested by Rosenberger et al. to physically push contaminants out from in between heterostructure interfaces. 33 Results of this procedure can be seen in the atomic force microscope image of Supplementary Fig. S5 . Here, the contaminants removed from the interfaces are gathered along both sides of the nano-squeegeed region (dark vertical lines, ≈50 nm in height above sample).
Raman and PL measurements were performed on home-built confocal microscopes, both in backscattering geometries, that were integrated with a single close-cycle cryostat (Montana Instruments Corporation, Bozeman, MT). The excitation source for Raman measurements was a 532 nm laser, while the excitation source for PL measurements was a 633 nm laser. Both setups focus the excitation source through a 0.42 NA long working distance objective with 50X magnification. For Raman measurements, the laser spot was ≈2.4 µm, and the laser power density was fixed at 66 µW/µm 2 , while for PL measurements, the laser spot was determined to be ≈2.2 µm, and the laser power density was fixed at 21 µW/µm 2 . Collected light in both cases was directed to a 500 nm focal length spectrometer with a liquid nitrogen-cooled CCD (Princeton Instruments, Trenton, NJ). The spectrometer and camera were calibrated using a Hg-Ar atomic line source. For spectral analysis, Raman peaks were fit with Lorentzian profiles, whereas PL peaks were fit with Gaussians.
Density functional theory calculations were performed using the Vienna ab initio Simulation Package (VASP). [65] [66] [67] Projector augmented wave (PAW) pseudopotentials 68 and the PBE exchange-correlation functional 56 were utilized. Spin-orbit coupling was included in all calculations except for the phonon band structure, which is a standard procedure. 69 It has been recently reported that there are slight differences between the 1T' and 1Td phases in monolayer TMDs, 34 with WTe2 likely forming in the 1Td phase. However, in this work we performed all calculations with the WTe2 monolayer in the 1T' structure. Owing to very small differences between the 1T' phase and 1Td phase, this assumption is appropriate. Full relaxations of the lattice parameters and ionic positions were performed on monolayer WSe2 and WTe2 in the 1H and 1T' phases using a 32×32×1 and 32×16×1 Γ-centered k-mesh, respectively, and a 500 eV plane-wave cutoff. The phonon band structures of these compounds were computed using density functional perturbation theory (DFPT). 70 Various chalcogen-alloyed compositions of the form WSe2(1-x)Te2x
were created by expanding these unit cells and substituting the appropriate amount of Te with Se (or vice-versa). Full relaxations were again performed in each case, with the k-mesh scaled appropriately to the size of the unit cell. In the case when multiple substitutional anions were needed to achieve a given composition, all combinations of the position of the alloying atoms
relative to each other were tested, with the lowest energy configuration considered the ground state (Supplementary Fig. S11 ). The density of states was computed using the aforementioned PBE functional, as well as the HSE06 functional, 57 with 25 % Hartree-Fock exact exchange included.
